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\. them unsuitable for many microwave applications. In addition, electro-

optic and acousto-optic devices are materials Limited because the materials

currently available are inefficient in terms of power required and o)ften

absorb light in the regions in which operation is desired.

The primary objectives of this program include the systhesis and ev.ilu.t ion

of new ternary chalcogenides for nonlinear and acoustical applications, and

subsequently, the investigation of these materials for applications

involving the electro-optic effect, degenerate four-wave mixing and surface

acoustic wave technlogy.,,:-'"

The most significant development resulting froi this investigation is the

single crystal growth and evaluation of a new Lnfrared-transmitting

electro-optic crystal, Cdlnji'e 4 , which wo determined to have an electro-
optic (EO) coefficient (r 4 l=r 5 2 ) of approximat -ly 50 pm/V. This is an

order of magnitude larger than most known IR aaterials, and even higher

than LiNbO 3 (approyimately 32 pm/V). We predicted a large EO coefficient

for this crystal b;.sed upon the structural anilog approach described in

Section 2. This material transmits from 1.2 um to beyond 16 trm; initial

results indicate )ossible transmission to 50 am, but the appearance of

EO coefficient si ;nificantly reduces voltage requirements and therefore

allows an engineering margin for driver chips for IR EO modulators and LR

tunable spectral fil.ters.

Additional materials were sought with larger acousto-optic (AO) figures of

merit and large non-linear coefficients. These materials included

A:.rGaTe 2 , Znln 2 S4 , Znln 2 Se 4 , Znln 2Te 4 , ZnGa2 S4 , CdGa 2S 4 , ZnGeP2 , AgGaS 2 ,

TIVS 3 , and T[ 3 VS 4 . A variety of synthesis temhniques were pursued, but not

all of the compounds listed were successfully synthesized. Reaction to

yield the ternary compound without additional phases was successful for

Cd(;a 2 S4, AgGaTe2 , AgGaS 2 , and ZnGeP 2 . The tw, latter materials were also

grown as single crystals in order to evaluate their acousto-optic and non-

linear properties.

'Materials characterization wa; carried out using x-ray powder diffraction,

.- Read camera techniques, Laue ingle crystal techniques, and Hall measure-

mient 4. Optical transmission ias determined oa selected samples. A
.i;.u~ifi Icant effort was placed on the deveiopnent of a new technique for the
determination of -;Lross optic properties of crystals: Anisotropic

Transinission Eliisometry. An initial apparatus was built but is not yet

..1 .ile.

A theoretical model was developed for the elactro-optic effect in crystals.

This followed the development of a method for the calculation of the

electronic and ionic contributions of the EO coefficient based on bonding

forces in the lattice which was completed oik a previous program. A first

theoretical look was taken at a photo-elast'Ic model.
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SECTION I

INTRODUCTION AND SUMMARY

A. INTRODUCTION

Improved materials are required for active optical devices, including

electro-optic and acousto-optic modulators, switches and tunable filters, as

well as for new devices based on degenerate four-wave miixing. Utilization of

four-wave mixing techniques in practical devices could greatly increase optical

system integration by expanding the possibilities of amplification,

convolution, correlation, pulse compression, etc. New materials are also

needed for surface acoustic wave (SAW) applications where the lack of materials

with large coupling coefficients and inherent temperature stability, at least

along one crystallographic orientation, has limited the bandwidth of SAW

devices and made them unsuitable for many microwave applications. New

materials are needed for electro-optic and acousto-optic devices because the

materials currently available are inefficient in terms of power required and

often absorb light in the region in which the operation is desired. At

present, no materials have been identified which have sufficiently higlh third-

order optical susceptibilities to make four-wave mixing devices.

Since electro-optical and acousto-optical devices based on currently

available materials typically require much more power than can be generated by

an electronic integrated circuit chip, the level of integration and

hybridization is far below that desired by the Air Force. In addition,

4... currently available materials have poor spectral characteristics in the mid and

far infrared regions of the spectrum which are of great interest in current and

proposed systems. The chalcogenides are predicted to have higher figures of

merit and lower absorption in these spectral linearities in their optical

behavior, which may make them suitable for applications in degenerate foar-wave

mixing. Despite its tremendous potential, four-wave nixing remains a

laboratory phenomena because no suitable material has been discovered Lo

realize its device applications. Finally, of the very few high-coul)[ing

temperature-compensated surface acoustic wave materials which have been

discovered or predicted, two are ternary chalcogenides (thallium vanadim,.

7
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sulfide and thallium tantalum selenide). These materials do not fit the

phenomenological model used to predict temperature compensation in SAW

materials, leading to the conclusion that their behavior is due to some anomaly

in the chalcogenide bond in these ternary structures. Although these thallium

compounds have unfavorable mechanical properties, there is reason to believe

* 0 that other ternary chalcogenides may be suitable for SAW materials.

During this investigation, our plan was to synthesize and grow a series of

new ternary chalcogenide compounds, evaluate them for electro-optic, nonlinear

. optical and acousto-optical applications, and determine the usefulness of

ternary chalcogenides for applications involving the electro-optic effect,

degenerate four-wave mixing, and surface acoustic-wave technology. Materials

grown were predicted both on the basis of crystal chemical considerations and

from a concurrent theoretical exploration of those conditions which will

maximize the properties desired.

B. SUMMAKY

The most significant development resulting from this investigation is the

single crystal growth and evaluation of a new infrared-transmitting electro-

optic crystal, CdLn 2Te4 , which we determined to have an electro-optic (EO)

coeffi-lent (r~l=r 52 ) of approximately 50 pm/V. This is an order of magnitude

larger than most known IR materials, and even higher than LiNb0 3 (approximately

32 pm/V). We predicted a large EO coefficient for this crystal based upon the

structtmr-il analog approach described in Section 2. This material transmits
0~i from 1.2 Pn to beyond 16 Um; initial results indicate possible transmission to

50 Pm, but the appearance of some structure in the spectral scan has not yet

been resolved. The large EO coefficient significantly reduces voltage

requirements and therefore allows an engineering margin for driver chips for

Fir infrared ;7 modulators and IR tunable spectral filters. This work

re-mresents the prime effort made during the course of this investigation.

,1a54mremneiit o the other eLecLro-o.tic coefficients revealed comparatively low

vamllies (not unlike liJb03  r, 5.5 pm/V; r13 = 0.15 pm/V.

8 8



Additional materials were investigated in search of new materials with

larger acousto-optic (AO) figures of merit and large aon-l[near coefficienLs.

These materials included AgGaTe2 , Znln 2S4, Znln 2 Se4, ZnIn 2Te4, ZnGa2Sl

CdGa 2 S 4 , ZnGeP 2 , AgGaS 2 , TlVS 3 , and TI 3 VS4 . A variety of synthesis techniqit's

were pursued as described in Section 3B, "Synthesis of New Ternary Chalcogenile

Compounds". However, not all of the compounds listed were successfully

synthesized. Reaction to yield the ternary compound without addition.a phases

was successful for CdGa2S 4 , AgGaTe 2 , AgGaS 2 , and ZnGeP 2. The two latter

materials were also grown as single crystals in order to evaluate their

acousto-optic and non-linear properties. The remainder of the materials

invariably contained intermediate binary phases or yielded other than the

desired stoichiometry.

Materials characterization was carried out using x-ray powder diffraction

initially to identify the material. Read camera techniques were used when thle

powder diffraction data was not sufficiently sensitive and left some unanswered

questions, especially concerning the presence of additional phases. Crystals

were characterized by Hall measurements, where appropriate, to determinae

resistivity, mobility, and type. Bulk resistivity measurements were also made

on large crystal samples when available. In addition, optical transmission in

the visible and infrared spectral regions was determined. Differential. theraal

analysis (DTA) was used to determine melting characteristics as well- as the

existence of other phase transitions for selected compounds. 0TA was also used

to determine reaction phenomena. A significant effort was placed on the

Ze development of a new technique for the determination of stress optic properties
of crystals: Anisotropic Transmission Ellipsometry. This is discussed in

detail in Section 6, "Optical Evaluation of Crystals". Our initial apparatus

required some modifications which were not completed until the end of this

project.

The theoretical aspects of anisotopic transmission ellipsometry are

* detailed in this report. A theoretical model was developed for the electro-

optic effect in crystals. This followed the development of a method for the
calculation of the electronic and ionic contributions of the EO coefficient

-.

% ', based on bonding forces in the lattice which was completed on a previous

program. A first cut was taken at a photo-elastic model (:ection 5).

9
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SECTION 2

0 AP PROACH

A O&JECTIVE

The primary objectives of this program include the synthesis and

evaluation of new ternary compounds, especially chalcogenides, for nonIl.ear
and acoustical applications; and subsequently, the investigation of these

materials for applications involving the electro-optic effect, th acouALo-

optic effect, degenerate four-wave mixing, and surface acoustic wave

technology.

B. APPROACH SUMMARY

The approach to the selection of new electro-optic and acousto-optic

materials to be evaluated for the many applications noted is discussed in

detai. in Section 2D. A brief summary is presented here. Our approach is

based on selection and prediction of materials having similar structures to

known materials which have demonstrated optimum properties in the desired area,

i.e., electro-optic, acousto-optic, nonlinear, etc. The main structural

characteristics used are the ionic coordination and the point group. Analog

families of compounds are so selected and then expanded by ionic substitution -

which holds structurally within certain ionic size limits. A valuable aspect

to this type of program is the ability to evaluate polycrystalline samples

since the growth of single crystals can take a long period of time and limit

the number of crystals examined. This approach works well using the low

frequency dielectric constant as a guide for electro-optic properties - and nay

carry over as well for acousto-optic and nonlinear properties. A portion of

this effort is devoted to seeking evaluation techniques for polycrystaltine

materials related to the acousto-optic coefficient. We investigated

optical evaluation techniques typically used for single crystals which aihtI

offer a potential mode for optical evaluation of polycrystaLline samples.

Theoretical considerations of the relationships of measurable properties on

polycrystalline samples to the optical properties of interest was pursued by

Professor Amnon Yariv (Caltech), as a consultant to Hughes Research

Laboratories and this program.

,.
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C. BACKGROUND

Approximately four years ago, personnel at Hughes Research Laboratories

(HRL) reviewed the requirements for an infrared (IR) transmitting, spectrally

tunable filter for the HALO technology program. We concluded that both the

total power consumption and the drive-power density would be excessive if an

acousto-optic (AO) filter were used. This led us toward the invention of an

electro-optic (EO) analog to the AO filter. Such a filter would require orders

of magnitude less drive power. Progress on the reduction to practice of this

invention has been excellent, but development work is not wit' out technical

risks. The test-sample-acquisition and materials-development tasks we

completed in pursuit of the filter provided us with a data base of EO crystals

(mostly with the chalcopyrite structure) from which AgGaS2 was selected for the

HALO program. Subsequently, a materials program aimed at increasing the scope

of IR-transmitting EO materials was sponsored by DARPA1 to develop new

materials with the potential of having an EO coefficient many times larger than

the chalcopyrites, and hence, of providing an engineering margin in filter

design with respect to the voltage requirements of the drive chip. This

program succeeded in Identifying two new materials, CdIn 2 Te4 and AgGaTe2, that

may have an EO coefficient at least an order of magnitude greater than that of

AsGaS2 and would thereby reduce required maximum drive voltages to no greater

than 100 V. In a coordinated effort between HRL and the California Institute

of Technology (Caltech), a review of fundamental EO concepts by Professor Yariv
.4 (Applied Physics Dept., Caltech) has led to the extension of current theory and

to a method of calculating the EO coefficient using structural data.
42

,

O. SELECTION OF NEW MATERIALS

A review of the classes from which EO crystals can be selected (Figure 1)

shows that some of these classes are also applicable to collinear AO effects.

In addition, many of the properties that lead to a larger EO coefficient and

figure of merit (e.g., large refractive index and octahedral coordination, as

discussed below) also lead to materials with an improved AO figure of merit, as

well as larger nonlinear effects. DoD interest in AO devices for optical

information processing, optical switches, modulators, correlators, and

12
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Figure 1. Crystal structures useful for AO/EO selection.
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scanners led us to evaluate an approach similar to the analog selection used

for new EO materials, as described below, and to look for new, improved AO

materials.

The AO figure of merit (M2) can be expressed as

6 2
M~2=n2,, PV 3  

31

where n is the index of refraction, p is the photoelastic constant, P is the

density, and V is the acoustic velocity. The quantities n, p, and V are

related to tensor quantities and therefore can vary with crystal orientation.

The photoelastic constant, which is the basis for the AO effect, is not limited

to specific symmetry classes, but the collinear AO effect, as indicated in

Figure 1, is symmetry dependent. Other AO figures of merit (MI, M3) described

in the literature2 3 may be more or less applicable to particular device

designs. However, all the AO figures of merit are maximized in materials

having

* High refractive index
• Htigh photoelastic component
* Low density
* Low sound velocity.

An additional property, one which is normally not incorporated in figures of

merit but is of vital importance to device design, is the intrinsic acoustic

loss (a) of a material. Transparent liquids, for example, typically have high

acoustic attenuation above 50 MHz, although they may have a high figure of

merit. The acoustic attenuation must be determined for potential, new AO

materials.

Our approach to finding new materials is based on selecting structural

analogs to the best observed EO and AO materials in the visible spectrum range

(e.g., LiNbO 3, LiTaO 3, and PbMoO4 ). We concentrated primarily on IR and mm-

wave transmitting compounds.

Criteria for materials selection, including crystal class, structural

similarities, and the proportional scaling of radius ratios of the components,

make up general guidelines for new materials choices. Often, where

crystallographic data is available, the radius scale-up leads to different

14
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crystal structures and classes that do not fit tile requirements for the (!:0 or

AO effects. Use of chemical periodicity in all cases indicates the possibility

of predicting improvement within a structural type, but the accuracy of the

prediction is uncertain, and the magnitude unknown and often smaLl.

A search for new materials through compilations of compound semiconductor

and semi-insulator crystals reveals numerous possibilities, such as those shown

in Figure 2. This search reveals considerable controversy concerning crystal

"" class as well as several unknown properties of these materials.

.4. Applying the principles of crystal chemistry to a structural analog of

lithium niobate within an allowed crystal class, we predicted similarly large

6O coefficients in a chalcogenide material, Cdln 2 Te4 . A detailed analysis of

the LiNbO 3 structure (Figure 3) shows that it consists of a planar sheet

structure of anions (oxygen) in approximately hexagonal close packing. This

results in distorted, partially occupied octahedral sites (essentially, a

defect structure). These sites are one-third occupied by niobium, and one-

third by lithium; the remainder are vacant. The sequence of distorted

octahedra along the c-axis with Nb at the origin is Nb-V-Li-Nb-Li, where V is a

vacancy.

A plot of the vertical position of Nb (in an octahedral site) versus

potential energy (Figure 4) shows curves for temperature above aid below the

Curie point (TC). The existence of curve 2 (with T TC) indicates a large

Ionic contribution to the polarizabillty, yielding a large EO coefficient,

which, for LiNbO 3, is 32 x 10- 12 m/V. The AO figure of merit for LiNbO 3 is

shown with other materials in Table 1. One obstacle in seeking structural

analogs among IR-transmitting chalcogenides appeared to be the typical

tetrahedral coordination of these semiconducting materials (e.g., zincblende and

chalcopyrite structures). The importance of the octahedral coordination in the

selection of AO materials has been indicated by Pinnow.4 In a previous

investigation,5 we uncovered a group of materials of the general. formul.i,

Al l B2
11 C4 V1, that are closely analogous to LiNbO3 and

* thereby show considerable promise of having high EO coefficients. These

materials have been described as crystallizing in the crystal classes 3,m (same as

LiNbO3 ), 4, and 4 2m (same as chalcopyrites); all of these are usable for I0

and/or AO devices.

The 3m point group, of which Znln 2S4 is a member (Figures ') and 1)), has a

unit cell consisting of 12 closely packed sulfur layers. sct hedral.;s tes

contain one-half the total number of In atoms; the Zn and the otlier lhaLf () tim,

15
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POINT GROUP CRYSTALS
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- .Figure 2. Examples of possible new EOIAO materials.
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Table 1. Comparison of AO Materials.

Useful Optical Refractive 'laximum AO

Material Transmission, Index, Density (P), Figure of

(Point Group) P'm 2 in glcn3  Merit (M2)

a- SiO 2  0.2 to 2 1.52 2.65 5

CaiioO 4  0.4 to 4.5 1.95 4.26 118

(4/n)

PbMoO"4  0.4 to 5.5 6.95 23.7

LiNbO 3  0.4 to 4.5 2.2 4.64 217

(3m)

TI 3AsSe 3  1.27 to 18 3.3 7.83 >500

'.4..6364-12

PROPERTY LiNbO3  ZnIn 2 S4  Cd In2 Te2

CRYSTAL CLASS 3m 3 m

STRUCTURE CHARACTER DEFECT DEFECT DEFECT

ANIONS LAYER LAYER LAYER

CLOSE PACKING CLOSE PACKING CLOSE PACKING
(OXYGEN) (SULFUR) (TELLURIUM)

COORDINATION DISTORTED OCTAHEDRAL MIXED MIXEDINVERSE)
OCTAHEDRAL OCTAHEDRAL

TETRAHEDRAL TETRAHEDRAL

SITE OCCUPANCY 1/3 Nb r 1/2 IntotaI
-- 1/3 Li OCTAHEDRAL 1/2 IntotaI tt

1/3 VACANCY o t Cdtotal
13 VTFTRAHEDRAL 1/2 IntotaI 1/2 Intotal

Zntotal t

2 VACANT METAL SITES
"DEFECT CHALCOPYRITE"

E-O COEFFICIENT, roI 32 x 10-12 m/V ? 50 x 10-12m/V

Figure 5. New EO/AO materials analog selection.
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Figure 6. Structure of Znln 2S4.

In atoms are in tetrahedral sites. An inverse structure has also been described

in which the divalent and one-half of the trivalent atoms are in octahedral sites

and one-half of the trivalent atoms are in tetrahedral sites, w'hici lei.'

fraction of vacancies in each type of site. The inverse structure has been

described for X In2S4, where X is Mg, Fe, Co, Ni, CdGa2S4, 11gmn 2S4, or Cd~n2 Te4 .

Existing theories of the EO effect in crystals indicated that the I O coefficients

of these materials should be significantly higher than those of the

chalcopyrites.

There is little published data concerning the properties of these

materials. A shift in conductivity of more than five orders of magnitude has

- been reported for CdIn 2Se4 annealed in Se vapor. The transmission of Cd[n 2Te4

,. has been reported in the range of I to 37 Pm. Carrier mobilities in these

materials are usually not greater than tens of cm2V-sec - , which is typical of

* ternary chalcogenides. Cdln 2Te4 is reported to have the symmetry of 4 crystal

class. Because of the open crystal structure, which has vacancies when derived

from the standard zincblende unit, they are considered "defec" sLrutures. A

structural classification of All B2 4 compounds is

illustrated in Figure 7 (Ref. 6).
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Figure 7. Structures of AI t B2III C4Vl compounds (Ref 6).

A new theoretical approach for calculating the EO coefficient of these com-

pounds has been worked out by A. Yariv and C. Shih 7 at Caltech. This approach

utilizes the structural crystallographic components, e.g., bond lengths and angles,

along with measured values of the low frequency dielectric constant, to predict

values for the EO coefficient. The results show very close agreement to measured

values for both binary and ternary compounds. Calculations for CdIn2 Te4 and

ZnInS 4 indicate that they may have huge EO coefficients.

Measurements of the low-frequency dielectric constant, which was used as a

guide to high EO coefficient, have been made on a DARPA-sponsored program for

some of these materials (Table 2) which we successfully synthesized. Two

miterials, Cdln2Te4 and AgGaTe2 , were selected because of their high values of low-

frequency dielectric constant for eventual single crystal growth and evaluation of

the EO coefficient, as well as AO and nonlinear properties.

The pertinent properties relating to a large AO figure of merit include,

as mentioned above, a large index of refraction, a large photoelastic component,

low density, and low acoustic velocity. The index of refraction can be related to

density (p) and chemical composition, as shown by Gladstone and Dale:
8

n-1 _ K = k

p K:::: 20
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• ' Table 2. Dielectric Constants at Indicated Frequencies for Some

Binary Ternary Chalcogenides (Ref. 5).

Compound Dielectric Constant Frequency, klIz

GeS2  10.7 LO

GeSe 2  5.32 6

5.31 50

- 5.30 100

5.26 400

AgGaS2  13.7 10

AgGaTe 2  200 5

270 1000

ZnSiAs2  34.78 6

34.65 10

33.64 100

32.91 400

ZnGa2S4  62.1 6
.k

40.9 10

35.8 20

21.3 50

18.1 100

13.5 400

CuInSe 2  36.81 6

36.15 10

35.74 100

35.71 400

Cu2GeS3  49 10

Cu2CdGeTe4  60.3 10

.9- CdIn2 Te4  264.5 10

% .
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where k is known as the specific refractive energy of the compound, and the

ki are the specific refractive energies of the components whose weight

percentages are pi. The relationship of index of refraction (n) to energy

. gap, as shown for oxides in Figure 8, has been explained by Wemple and

DiDomenico.9 10 Thus, one can realize that ternary sulfides comprise a group

of typically high-index materials and conclude that the maximum index of

refraction for an AO medium is limited by the selection of the shortest

wavelength for which optical transmission is desired.

Pinnow4 has shown the relationship of acoustic velocity to the mean atomic

weight, M (defined as the total molecular weight divided by the number of atoms

per molecule), for oxides, alkali halides, and some semiconductors (Figures 9,

10, and 11). Typically, the V/p ratio decreases with increasing M.

A compilation 4 of measured photoelastic components for oxides, alkali

halides, and some III-V and chalcogenide compounds indicates variations over a

fairly narrow range. The average photoelastic component, in both ionic and

covalent limits, can be attributed to two effects:

• Increase in n due to increase in packing density

* Change in n due to change in polarizability under compression.

The latter effect is one shown (in the EO coefficient) to have large

effects when the compound contains heavier (more polarizable) atoms (electronic4.
polarizability) or when the structure is more "open," allowing larger ionic

polarizability. In our analysis of the EO coefficient, we predicted that ionic

polarizability and EO coefficient would tend to be larger in compounds having

octahedral coordination than in those having tetrahedral coordination, although

the effect of large atoms cannot be completely ignored. Indeed, this appears

(from examples such as PbMoO 4 , SrTiO 3, and LiNbO 3) to hold as well for large

photoelastic effects and, hence, large AO figures of merit. The figure of

merit (M2) is 23.7 (0.4 < X < 5.5) for PbMoO4 and 21.7 (0.5 < X ( 4.5) for

LiNbO3. In summary, although optimum trade-offs must be sought for maximizing

the AO figure of merit, the materials properties desired can be found among the

same classes of ternary compounds that we have selected for investigation

22
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Figure 8. The index of refraction for oxide material is related to its
energy gap Eg by the equation shown, where units for 2,, are
electron-volts. The expression has been plotted as index versus
wavelength corresponding to band edge to demonistrat,? that naximum

index is determined by the shortest wavelength for which optical
transmission is desired.

seeking higher EO coefficients. Recent work11 has indicated that Tl3AsSe 3 (a

proustite analog) has a figure of merit (1.27 4 X 4 18 Pm) greater than 500.

The AO figure of merit for several compounds is shown in Table 1.

We investigated the measurement of the elastic constants of inaterials by' a

new technique, anisotropic transmission ellipsometry, which is discussed in

detail below.

Based on the large non-linear coefficient for some ternary compounds of

the type Al l BI V C2
V , e.g., CdGeAs 2 , we studied synthesizing

some of these compounds; the most successful of these was ZnGeP 2 . Following

this approach for selecting new SAW device and acousto-optic materials, we

noted several ternary compounds of thallium, i.e., TI 3AsSe3, TIVS3, which have

large acousto-optic figures of merit. Thallium Is particularly interesting

because of its capability to exist in compounds in both monovaleiit and

2
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SFigure 9. Velocity-density ratio versus mean atomic weight for mineral
:' = oxides. The upper solid curve is applicable to compounds with
i Mohs' hardness in range of 6-7; the intermediate dashed curve is

for compounds with hardness of 4-5; and the lower solid curve is
-. for compounds with hardness of 2.5-3.5.

trivalent states, readily substituting for both Group I (Ag, Cu) and Group III

(Al, Ga, In) atoms. In addition, the thallium atom is relatively large; such

compounds can be expected to show large electronic and ionic polarizabilities.

As yet (to our knowledge), no one has succeeded in synthesizing a "ternary"

compound containing T1+ l and T1+ 3 (essentially thallium in two different

lattice cation sites). The compounds of thallium with Group VB atoms,

especially vanadium, are interesting as well because of the variable valence

possibilities for vanadium.

42
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~MATERIALS SYNTHESIS AND CHARACTERIZATION
3 ..'.SECT IO N 3

.

A. CdIn 2Te4

I. Material Synthesis

Our initial experiments were primarily concerned with growth of single

crystals of CdIn 2Te4 to demonstrate the feasibility of our approach. This

compound crystallizes in the point group 4 (Ref. 6) and is applicable for both

electro-optic (longitudinal or transverse) and acousto-optic (collinear)

applications. This compound was selected from several which we previously

identified (Ref. 5) as having large low-frequency dielectric constants and,

therefore, the potential for large electro-optic coefficients (Ref. 7).

The pseudobinary phase diagram for the system CdTe-In 2Te 3 is shown in

Figure 12 (Ref. 12). The dotted line represents modifications made by

A. Borshchevsky (Ref. 13), and indicates that the compound CdIn 2Te4 melts

incongruently at 785*C. Our approach to single crystal growth utilizes the

Bridgman technique, using an off-stoichiometric composition which lies in the

-region between 702*C and 785*C where solid CdIn 2Te4 (designated 0 in Figure 12)

is in equilibrium with liquid (t). This may be considered growth from

solution - a constituent solution rich in In2Te 3 . Nucleation of a single

crystal is initiated by using a conically-shaped fused silica ampoule which is

evacuated and sealed after loading. Invariably, the tip has been single; but

all runs to date have grown polycrystalline as the width of the ingot

increases. The top of the ingot (Figure 13) reveals the solidified "solvent"

from off-stoichiometric composition. Several large (>5 mm dimensions) single

crystals were found in some runs. The x-ray diffraction pattern for Cdln 2Te4

was obtained and is shown in Figure 14.

Although the entire ingot was not usually single, a crystal measuring

approximatey 5 x 5 x 8 mm was obtained from a starting composition of 63%

In2Te 3, 37% CdTe. The growth rate was approximately I mm/day.

This crystal was oriented by X-ray Laue techniques, cut and polished for i

variety of measurements including r4 l, the electro-optic coefficient.

A brief study was made to determine if one of the standard semiconductor

etchants would reveal grain boundaries in Cdln 2Te4. Initially, we tried to

sandblast the ingot, a technique which has been very successful in revealing
9
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a.. grain boundaries in CdTe. This did not work for CdIn 2Te4 . All etchants used

also failed to reveal grain boundaries. Bromine:methanol formed an amorphous

skin on the ingot. Finally, we found that a light polish was the most

effective way of revealing grain boundaries. Although IR microscopy can be

used, samples require slicing to thicknesses which limit further

characterization.

2. Characterization

The resistivity of the CdIn 2Te4 crystal was measured to be 1.7 x 106 P-cm

at room temperature using standard 4-point probe techniques. A transmission

•* .4 29
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spectrum (Figure 15) in the range of 2.5 to 16 um was obtained using the

Bomem Fourier Transform Spectrophotometer. The curve is very flat, indicating

the absence of free carrier absorption. H1owever, the apparent transmittance

(approximately 70%) value is not absolute; the instrument requires additional

calibration because of high index of refraction of the Cdln 2Te4 sample. An

independent measurement of the refractive index using optical thickness and the

channeling effect as described below yielded an average value in the range of

2.5 to 3 Um of n = 2.95. This would correspond to a transmittance of

approximately 60%. The dispersion was determined to be small. The

birefringence was measured to be 0.0135 at 3 Um and 0.0122 at approximately

10 Pm.

The near infrared spectrum of CdIn 2Te4 was measured using a Carey

Spectrophotometer. We determined the short wave cutoff to be 1.2 urn. The

transmission spectrum in the range of 1.0 to 16 Pm is shown in Figure 15. The

dotted portion was calculated from optical density data from the Carey.

S1601-1R1

IR TRANSMISSION
0.90

0.70
--

LU

u 0.50 -
z

0.30
C',
2 -4

- .10
I I Il I I I

16.0 14.0 12.0 10.0 8.0 6.0 4.0 2.0 1.0

WAVELENGTH, Pm

Figure 15. Near and Far IR transmission spectrum of CdIn 2Te4.
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a. Channel Spectra

The determination of the index of refraction, n, of a material is

typically accomplished by measurement of the transmission spectrum of a sample

and calculation of reflectance and n using the well known equation:

R 1- T and¢, R =I + T

n I1- .O

where T and R are the transmission and reflection of the sample, respectively.

This discussion assumes no sample absorption. An accurate transmission value

is difficult to obtain because the increase in optical path length introduced

by the sample tends to defocus the radiation at the detector. The phenomenon

of channel spectra is also a nuisance in this measurement. The effect occurs

in moderately and highly reflective samples whose surfaces are polished and

parallel to avoid surface scatter and to obtain a definite sample thickness.

In these samples, an interference occurs between the "transmitted" beam and

N'>, that portion of the incident radiation which is internally reflected 2(or 4 or

- 6...) times. This interface occurs as a sinusoidal modulation of the

S.4. spectrum.

N>. The channeling effect can be used, however, to determine the optical

thickness, nl, of a sample. Further, the channeling effect is conveniently
.4.'

measured in the interferogram of a Fourier transform spectrometer where a

.. secondary peak in the data occurs at a mirror translation corresponding to the

same optical path as the optical thickness of the sample. Since the mirror

spacing is very accurately measured in the Interferometer, the optical

thickness of a "channeling" sample is easily determined.

.4"

'"

.4"
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Thus, this phenomenon, which is normally considered to be detrimeital, is

actually superior to transmission measurement to determine the [idex of

refraction of a sample, in that the technique Is not sensitive to the

defocusing effects of an optically thick sample in a focused beam.

b. Hall Measurements

Hall samples were prepared and measured in our computerized hall

apparatus. The results printed out by the computer are shown in Figure 16.

The samples were run at room temperature and two samples were in close

agreement. The results are quite accurate, but the error ratios (0.957, 0.870)

show some minor problems with contacts (truly ohmic contacts yield an error

ratio of unity). Resistivity on some samples determined from the Hall

measurement was -1.5 x 103 9-cm, which significantly differed from the bulk

- crystal measurement; i.e., 1.7 x 106 P-cm. Initially, we assumed that the Hall

measurements were correct and that the bulk measurement possibly reflects non-

ohmic contacts-essentially, a measurement of bulk and contact resistance.

These results were subsequently checked by additional Hall evaluations with

sample etching between measurements to assure that the Hall measurement was not

assessing sample surface conductivity.

Hall measurements were repeated on a sample of Cdln 2Te4, primarily to

. determine a final value for the resistivity. In addition, four-point probe

measurements were made. Final results showed that polished samples have a

resistivity '103 g-cm. When these samples are etched in a bromine mnethanol

solution, the resistivity measures approximately 106 U-cm. We believe that

surface damage from polishing creates a low P (conducting) surface, which is

subsequently removed by etching.
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Figure 16. Computer print-out for Hall measurements.

c. Measurement of Electro-Optic Coefficient

In preparation for measuring the electro-optic coefficient, r4 1 (=r52 ), of

CdIn2 Te , the <100> faces of an x-cut sample were coated with indium-tin oxide

(ITO) electrodes. Thin layers (150 A) of ITO were deposited directly on the

sample at a temperature of 200"C. Layers such as these exhibit relatively low
5.

resistance as well as good transmission from the near IR out to beyond 10 Pm.

After wiring the sample to the driver circuitry, we found that only about

50 V could be applied to the crystal before the -18 mA current limit of the

driver was exceeded. For the 4 x 6 x 1.13 mn sample, this value corresponds to

an apparent resistivity of p 6 x 103 a-cm.
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Since contact effects between metals and semiconductors can often cause

erroneous resistance readings, the sample's I-V characteristic was examined and

is shown in Figure 17(a). In response to a triangular voltage wave (top

trace), the sample drew a highly nonlinear current (bottom trace). The current

is seen to vary roughly exponentially with voltage, implying that a rectifying

contact has been formed between the ITO and the Cdln2Te4. A similar I-V

characteristic was observed when another sample with silver paint electrodes

was examined (see Figure 17 (b)).

The different resistivity values observed above are at least partially due

to contact problems and are not characteristic of the bulk material. In order

to avoid these effects in our electro-optic measurements, subsequent samples

were prepared with an insulating layer of SiO 2 between the ITO and the CdIn2Te4

surface for measurement of r4l.

A preliminary value of r4 l ' 50 x 10-12 m/V was determined using a simple

ratio measurement technique. At first, serious discrepancies between theory

and experiment, made the above value suspect; the disagreement was determined

to be caused by twinning in the samples tested.
C,16

For these tests, x-cut samples 1.10 to 1.13 mm thick were coated with 2000

to 5000-A layers of SiO 2 , followed by indium-tin-oxide (ITO) electrode layers

approximately 400 A thick. The resistivities of the ITO layers were

approximately 200 U/square. The SiO 2 layers were required to prevent the

injection effects described in the previous quarterly report. Complete

blocking was apparently achieved since essentially no current was drawn by the

samples for applied voltages up to 100 V.

The measurement technique involves applying an ac field to the sample

along the x direction and measuring the ratio of the modulated component of the

transmitted light to the unmodulated component. The sample was placed between

polarizers oriented as shown in Figure 18. For this arrangement, the ratio of

the ac signal to the (chopped) dc signal is

4n3~ r41R An sin, (10)
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Figure 18. Apparatus for measurement of r4 ,,

37



where

r 2.LAii (2)

Here F1 1/2 (no+ne), E is the electric field, An is the birefringence, L

is the sample thickness, and X is the wavelength. We have also assumed

* detection of both components by a lock-in amplifier. Solving Equation (1) for

r41 gives

= A nR
=r41 43 E 2 r (3)

4-n E sin -
2

According to Equation (1), the largest values for R are obtained when the

retardation (r) is an odd multiple of w. Thus, it is best to choose a

wavelength for the measurement that produces this maximum. Making the

neastirement at a maximum has the added benefit that the sample thickness (L)

need not be known.

A schematic of the experimental apparatus is shown in Figure 18. A

tungsten halogen lamp is used as a light source, with either a 1/4 meter

monochromator or a circular variable filter acting as a wavelength selective

device. The light is directed through the sample in an F/4 light cone and

detected with an InSb detector. Signal averaging is provided by a PAR 5204

lock-in.

in order to find the wavelengths at which R is a maximum, two wavelength

scans are performed in series. In the first scan, the modulation component of

the signal is determined, with the lock-in output stored in one memory channel

of a PAR 4202 signal averager. On the second scan, the dc (chopped) component

of the signal is measured and stored in a second memory channel. The PAR 4202

is then used to divide the modulation scan by the chopped scan to provide R as

a function of wavelength.

3
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Typical scans of R(A) are shown in Figure 19 over the range of 1.1 to

4.5 9m. The curves are in serious disagreement with theory in at least two

respects. First, according to Equation (1), R(X) should always have the saine

" sign for a given lock-in amplifier phase setting. In Figure 18, R(X) has both

positive and negative excursions. Second, the oscillations in R(X), determinTed

by the sin 2 (r/2) factor in Equation (I), should coincide with those found t-i

the channel spectrum which, according to theory, also varies as sin 2 (12).

The experimental channel spectrum for the same sample is shown in Figure 20.

'V. This was measured with the polarizer orientation, as shown in the figure.

Close examination of the curves in Figures 18 and 19 show that the R(X)

* oscillations are shifted to the right for X > 1.6 Pm, relative to the channel

spectrum oscillations. For X 4 1.6 Ur, the oscillations seem to be roughly in

phase.

Further examination of this sample and one other showed that the R(X)

e,,, curve could be raised or lowered (i.e., the positive to negative crossover

points changed) by directing the light through different portions of the

sample. Also, the R(X) curves could be similarly distorted (to a smaller

extent) by changing the drive voltage.

.The dependence of R(X) on position implies that the saraple is not

homogeneous. This conclusion was supported by subsequent x-ray topography

studies which show distinct variations in crystal structure within the top -1

Um of the sample. If these variations extend further into the crystal they

could explain the anomalous results.

Simple models of polycrystalline structures have been examined to see if

the features exhibited by Figure 18 could be reproduced. We have shown that a

* change in sign of R(X) can come about if two different crystal orientations,

e.g., back-to-back twins, exist within a sample. Thus, if two equally thick

regions are found in contact with their z-axes paralLel, one with a ([LOO)

orientation and the other a (110), R will change sign as the wavelvat'l is

varied. These calculations show qualitatively that the anomalous beilavior

could be caused by a non-uniform crystal structure.
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On this basis, calculating r~l using Equation (3) results in a value for

r l of approximately 50 x 10-12 m/V. This number is more than an order of

magnitude larger than that found in AgGaS2 . Thus, CdIn2 Te4 promises to be a

very attractive candidate at least for electro-optic tunable filters.

d. Analysis of Cdln2Te E-0 Measurements

Initial measurements of the electro-optic effect in several test samples

of Cdln2Te4 have produced anomalous results in some wavelength regions where

the phase of the detected output signal has changed sign with respect to the

driver signal. In an effort to explain this anomaly, we postulated the

existence of twinning, wherein one portion of the test platelet has <100>

orientation and the other has <110> orientation. Such a hypothetical model is

shown in Figure 21. Here we show two zones having the indicated orientations

of lengths X, and X2 , respectively. The operative EO coefficients are

indicated as r4, and r4 2 . Other relevant parameters are the resistivity, p,

optical phase shift, r, due to the static birefringence, and the field-

dependent rocking angle, a, of the optic axis.

Omitting a rather lengthy and tedious derivation, we can show that the

optical transmittance, T, is given by

i= 1/2 + (cos r2 - cos r) al + (a - cos r2) Q2 ,(4)

C.
* . where

r r +r 2  (5)1 2-

Experimentally, the phase-sensitive detected signal is proportional to the

derivation of i with respect to the driving field. Figure 22 shows the

expected signal.

dr
dE 2 cos r2 - cos r- 1 , (6)
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as a function of wavelength, or r, in tile range 57r to 97r for the assumed

conditions,

r "2  = ,(7)

a = -a 1 (8)

Also shown is the corresponding channel spectrum,

1 - cosr (equivalent to 2 sin 2  (9)2"

It is clearly evident that the phase of the signal does indeed change sign,

indicating qualitatively that our model is plausible. We note a1qo a shift of

phase between the two types of signals.

f. Measurements of Electro-Optic Coefficients: r1 3 and rfgi

We have made preliminary measurements of the electro-optic coefficients

.w r 1 3 and r6 3 in CdIn 2Te4 at wavelengths of 3.39 Um and 1.15 0m. Together with

these measurements we have also determined the approximate values of the

refractive indices at these wavelengths. The results are shown in Table 3.

The values of the EO coefficients are as yet approximate due to possible
'.

imperfections (e.g., twinning) in the sample tested. These measurements will

be repeated at a later time when new, improved crystal samples are prepared.

" Table 3. Measured Values of Electro-Optic

Coefficients and Refractive Indices
in CdIn 2Te4 at ) = 3.39 Um and 1.15 0m.
(Applied Field Parallel to Optic Axis)

Ji 1m n r13, pm/V r 6 3 , Plil/V

3.39 2.85 0.15 5.53

1.15 3.12 0.15 5.24
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Theory

Diagonalization of the electro-optic impermeability tensor for electric

field applied in the z-direction in Cdln2Te4 (symmetry group 4) leads to the

following results:

0 Fast and slow axes are induced in the x-y plane, rotated by an angle,
a, with respect to the principal axes, where

tan 2a r6 3/r13  .(10)

0 The effective electro-optic coefficient is

r ff =,r13 + r63 ;(1

that is, the induced phase retardation, rm, between the fast

and slow components is

r 3 2 2
m n r13 + r63 Vm ,(12)

where V,, is the applied voltage, or field-length product, for longitudinal

* nmode LO operat ion.

Note that if r13 = 0, Equation (10) shows that a 450, which is the well

known case with 421a crystals, e.g., KOP.

Meca suirem ent s

With an electric field applied to transparent (ITO) electrodes on the
(01l) faces, a basal-cut Gdfn 2 Te4 apewspae between crossed polarizers,

as ihown iii Figure 23. Thne sample was mounted on a rotation stage allowing
* . rotation through a compLete 27F angle with, respect to Its initial orientation

parallel to the polarizer/analyzer axes. A beam from a Hie-Ne laser, circularly

- -polarized by mieans of the Bainet-SoLeil compensator, was transmitted through

S tie sample, through the analyzer, some attenuator screens, and finally to a

detector element (InSb for 3.39 I'm, and a photomultiplier for 1.15 Urn).
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The relative transmission, lout/lin, with this arrangemeat, as

-V a function of the angle 0 = + 0, can be shown to be

Iout/I = 1/2 (1 + rm sin 20) . (13)

. . Figure 24 shows the variation of the detected signal with 0, using a square

'e.€,," wave voltage, 4 V peak-to-peak, and phase sensitive detection at X = 3.39 n.

It proved to be most sensitive to measure the null points of the signal to

establish the orientation angle, a. Four such null points were measured,

leading to

= 44.20 t 0.50 . (14)

Thus,

r6 3 /r 1 3 tan 2L = 35.8 (15)

By measuring the relative transmission at the four peak positions, the phase

J retardation, or modulation index, rm, was determined:

f = (4.75 t 0.15) x 1 - 3 . (16)

Using Equation (12), we obtained at X = 3.39 Pim,

rf'f = 5.53 pm/V,

S13 = 0.15 pm/V,

. ,,.and
and.r

3 = 5.53 pm/V
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*;." Simi Lar measurements using tile 1.15-pr lie-Ne laser line gave the results

slown in Table 3.

The average index of refraction, n, measured at the two wavelengths was

determined from direct transmittance of the sample. Allowing for multiple

internal reflections, but without coherent superposition, the transmittance is

i2i (17)
". . i 2+ 1

Thus, solving for n,

-"- 1 / 11 T)2+ ( 2 - 1 . (18)

Measured transmittances yielded the index value appearing in Table 3.

B. SYNTIESIS OF NEW TERNARY C1IALCOGENI)E COMPOUNDS

As part of this investigation we attempted to synthesize (in addition to

Cdn 2Te4) several new ternary chalcogenide compounds, including AgGaTe 2,
Zna Ga 2 SS4, Znln2Se, and nIn 2 Te4 . The variations in physical

properties o[ these compounds introduce a variety of obstacles in cotapleting

the reactions to form the ternary compound from either the constituent elements

or the binary end member constituents, e.g., ZnS, Ga 2S 3 , even with excesses of

one component for off-stoichromnetric solution growth. Some have very high

melting points, e.g., ZnGa2S4, which is reported to melt above 1300'C. Others

have highly volatile elemental and binary constituents, e.g., Zn, Cd, ZnS, and

CdS. These properties require the use of several different reaction/synthesis

techniques:

" Solid-liquid phase reaction- In this method, the components are
introduced into a short ampoule, which is evacuated and sealed. The

ampoule is lowered through a thermal zone which is usually higher in
Leriperaturv than the melting point of the desired compound. Low

imeting constituent elements or compounds initiate the reaction and
enhance the reaction rate.
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. Vapor-liquid phase reaction This synthesis is typically carried (Jut

by reacting the molten metals contained in a boat in a closed

evacuated ampoule. The chalcogenide vapor is introduced into tie

reaction zone from the cold end of the ampoule by slowly incrunsin1

its temperature. A rocking furnace enhances mixing of the co-.:poiewtts

and allows the reaction to go to completion.

* Vapor phase reaction- When constituent elements or tnteriediate

compounds containing some of the constituents have high vapor

pressures, the reaction to form a ternary compound can occur by

reaction of the vapor species. This is a difficult process to safeLy

complete, especially when there are significant differences in vapor

pressures of the species. The ampoule must be heated slowly to

permit reaction to take place before significant pressure build-up

occurs. In addition, the heating must be uniform to prevent

condensation of intermediate (transient) phases.

All of these reaction techniques have been used in this laboratory as part of

this program to synthesize new materials and are discussed below.

1. AgGaTe2

The first method discussed above, solid-liquid phase reaction, has been

used successfully for the synthesis of AgGaTe 2 which has a low melting point

that permits reaction to occur without any significant pressure buildup. The

low melting point of gallium enhances the reaction. In this case, reaction and

subsequent in situ crystal growth can be accomplished by ustng an off-

- .stoichiometric composition similar to the way we have grown single crystals of

CdIn 2Te4 previously described in this report.
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PolycrystalLine ingots of AgGaTe 2 were grown from the melt using the

Bridgman-Stockbarger technique. AgGaTe 2 is an incongruently melting

chalcopyrite, and the existence region has not been studied in detail.

Successful synthesis of AgGaTe 2 has been achieved from a Ga 2 Te3-rich solution.

Hover, our measurements, as discussed below, indicate thle possibility of

variations in stoichiometry or an additional phase within the ingot.

Recent studies at HiRL using differential thermal analysis (DTA) indicate

that the phase diagram (Figure 25) reported in the literature1 is generally

correct on the AgTe 2-rich regions around the compound AgGaTe 2 (a in the

diagrara). However, our findings (Figure 26) indicate that crystallization from

the Ga 2 Te 3-rich side is possible within a short temperature range, but crystals

invariably contain an additional phase which we could not identify. In

addition, the slopes of the liquidus and solidus curves on the Ga 2 S 3-rich side

are very flat, leaving only a small T-X region to work in which to obtain

single crystal growth. Our investigation by DTA of the Ag2Te-rich side of the

phase diagram indicates that it is more promising for single crystal growth of

AgGaTe 2 .

A 0.5-in.-diameter boule, grown by the Bridgman-Stockbarger technique, was

found to be polycrystalline along its entire length. The x-ray diffraction

pattern for AsGaTe 2 is shown in Figure 27. A few large pieces were mined out

for dielectric measurements. The average dielectric constant, measured at I

Stlz for this material, was 270 (Table 2). lowever, there were large variations

in tile measurement from sample to sample (nearly 35%), indicating either

variations in stoichiometry or the presence of an additional phase. An IR

transmission measurement (Figure 28) showed transmission of -40% (uncorrected

for Fresnel losses) at 2.5 Pm, decreasing in a manner typical of free-carrier

absorption, becoming opaque beyond 4.5 1m. From its composition and

relationship to other chalcopyrites, transmission further out in the IR would

be expected. X resistivity for AgGaTe2 was measured to be as high as

6 x 107 -cm on some samples.

In a subsequent run, an ingot of AgGaTe2 was grown from a melt composition

which consisted of 40% Ga 2 Te 3 and 60% Ag2 Te; the starting point, both in

conpositlion and teniperiture (800'C), is shown by X in the pseudo binary phase
,diagram in Figure 25. Crystal growth is initiated at the line a-a' where the

solid AgGaTe 2 is in equilibrium with tile liquid (composition at a).

52

I .,. % ,. * . . . . . -.- - . ... - .m, LL"" -€ L. -- - a _e



"V.%

1 0 11093- 1 R
-' II 1IIII I 1

"* 5. 95
-,--

00

LU
4. 

7+6

A 2Te+L 
a,

cc700 L +
IU

I--AgGaTe 2 1(01 "---+

5" " Ag 2Te +

I I _ _

20 I I I

0 20 40 60 80 100

Ag 2 Te MOLE % Ga 2Te3  Ga2Te3

Figure 25. The system Ag2Te-Ga 2Te 3. (From Palatnik and Belova, 1967.

Reference 5.)

A" 5 ' - --



11093-2

750
LIQUID

C-)

w 3+ ADDITIONAL PHASE

650 -3AgGaTe 2

S.,,600 1 1 1 1

50 60 70 80 90 100

MOLE % Ga 2Te3

Figure 26. Phase diagram of section of system Ag2Te-Ga2Te3 derived4 from DTA.

454



CN,

00

A'j

U.4

0 4.4

C'C

04-

cr3)

0~

qT C1

'I/ A.ISN3NI A).L-1o



'Ca

w

00

> C

V -. V

8
w 00

s60

NOISSIYSNVz IN3~

56w



Borshchevsky1 3 has shown that the composition line for AgGaTe 2 is essentially

*i straight in this region - not as indicated in the published diagram. The

growth rate used was 0.5 mm/hr. The ingot was polycrystalline with

submillimeter grains.

No single crystals of significant usable size of AgGaTe 2 were grown during

the course of this program.

2. Additional Ternary Chalcogenides of the Type AIIB 2II1C 4VI

The vapor-liquid phase reaction has been used to synthesize Znln 2Se,, and

Znln 2 Te4 . In these cases, Zn and In are mixed in stoichiometric proportion in

a boat, melted, and subsequently reacted with the chalcogenide, which is, in

turn, introduced as a vapor by slowly pushing the cool end of the tube into

the hot zone of the furnace. The procedure lasted approximately 15 hours and

yielded a large amount of the ternary compound. The reaction, however, was not

complete and some intermediate reaction products, e.g., ZnSe, In2Se 3, ZnTe, and

In2Te 3 remained. The x-ray data (Figure 29) indicate great similarities between

the ternary compound and the II-VI binary. This has caused some concern of the

completeness of the reaction. An investigation using Guinier techniques

revealed the presence of some ZnSe and In2Se 3. We are pursuing this to

determine quantitatively the degree of completion of the reaction. The products

will be remixed and reacted once more to ensure that no additional phases are

present.

We have investigated the vapor phase reaction technique for compounds such

as CdGa 2S4 and ZnGa 2S4, which have relatively high melting points and where

intermediate compounds, e.g., ZnS, CdS, Ga 2S 3, have significant vapor pressures

at elevated temperatures. We have approached the synthesis/reaction using both

elements and intermediate compounds as starting materials. The approach using

elemental constituents for CdGa 2S4 has been successful. However, we have

experienced condensation of these phases in cool portions of the ampoule as

well as an explosive build-up of pressure. Runs lasting as long as ii days at

-- 1050C have, at times, shown little or no reaction, the resulting products

being ZnS or CdS and Ga 2S3 .

Attempts were made to synthesize samples of Znln 2S4 . Znln 2S. is

*Q" particularly interesting because it belongs to the same point group (3M) as

LiNbO 3 and contains a fraction of the indium atoms in octahedral coordination.
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12657-1 Al

ZnTe Znln2Te4

hkl d(A) I/10 d(A) I/10

100/112 3.523 100 3.53 70

200 3.051 10 3.05 20

220 2.159 80 2.163 100

311/312 1.840 35 1.847 80

400 1.526 8 1.530 40

331/332 1.400 14 1.405 70

422/424 1.2456 10 1.250 80

LATTICE CONSTANTS

a 6.1026 6.122

C 6.1026 12.244

c/a 1.0000 2.000

S.Figure 29. X-ray diffraction data for ZnTe and Znln 2Te 4.
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Our approach involved the reaction of the molten metals with sulfur in a

rocking furnace. Initial attempts were not successful.

Two compounds containing Zn, In, and S were identified as reaction

S-. products by x-ray powder diffraction techniques: Zn3 1n4 S 9 and Zn9 1n8S21 . The

powder diffraction pattern for these compounds is shown in Figure 30.

C. OTHER TERNARY COMPOUNDS (ZnGeP2 and AgGaS 2 )

Our previous knowledge and experience in the synthesis and crystal growth

of ternary compounds having the chalcopyrite structure led us to grow crystals

of ZnGeP 2 and AgGaS2 . The family of compounds of the type

AIIBIVCV 2 has been of interest because of the potential for large

non-linear coefficients; the largest has been measured in samples of CdGeAs 2

but this crystal has not been successfully grown in larger than millimeter

sizes. The ternary chalcogenide chalcopyrite, AgCaS 2 , is interesting for the

., investigation of its properties relating to acousto-optic and SAW devices since

it is the ternary derivative of Group II sulfides, e.g., CdS, wherein a Group I

and a Group III element alternately substitute for the Group 11 element. This

substitution doubles the unit cell dimension in the c-axis direction, thus

yielding a tetragonal crystal lattice.

ZnGeP2 was synthesized by reaction of the elements as described in

reference 15. Using the pre-reacted material, crystal growth proceeded by a

vertical Bridgman-Stockbarger technique. The compound melts at approximately

1020*C; no phase transitions were observed in the solid upon cooldown or by

DTA. An infrared transmission spectrum of a crystal indicated a short wave

cutoff of approximately 1.4 micrometers and a long wave cutoff of 13

micrometers. 15 Although the crystal showed theoretical transmission (uncoated,

uncorrected for Fresnel losses) of nearly 58% in the range of 3 to 8 Wm, some

p structure was observed in the far IR portion of the spectrum indicating the

possibility of impurity absorption in these regions. The non-linear

coefficient has been reported 16 to be d14 = 2.7 x 10- 7 cgs or Ill x 10-12 m/V.

These measurements are reported within an accuracy of 30% and were not

reconfirmed during the course of this program. Phase-matched sum mixing of

'-5. 1710.6 um and 1.6 Um has been reported previously.
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AgGaS 2 was synthesized by reaction of the constituent elements in a

rocking furnace; the sulfur is introduced as a vapor above the molten metals in

stoichiometric proportion at 10500C. Rocking perturbs the molten floating

layer of AgGaS 2 on top of the metals and thereby allows further reaction with

* the sulfur to continue. The compound is subsequently zone-refined for

Spurification and stabilization of the maximum melting composition. CrystaL

growth is carried out using material which has undergone four zone passes nixed

. with additional Ag2S to grow slightly on the Ag 2S-rich side of the existence

region. The maximum melting point occurs at approximately 10060C; the

addition of Ag 2S lowers the melting poiint slightly. Single crystals are grown

using the seeded Bridgman technique. As-grown samples have resistivities of the

order of 1012 ohm-cm. Transmission spectra show theoretical transmission from

r- c" approximately 0.6 to 12 urm. We determined the electro-optic coefficient, r41 =

- r5 2 , to be approximately 3.6 pm/V. Properties of this material pertinent to

SAW devices have not been investigated. Our plan to determine the stress-optic

coefficients using anisotropic transmission ellipsometry was not completed

* during the course of this program.
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SECTION 4

THEORETICAL MODEL: ELECTRO-OPTIC EFFECT IN CRYSTALS

-During the DARPA program, a parallel effort was pursued by Professor Amnon

Yariv and Dr. C. Shih, Applied Physics Department at Caltech, to develop a

theoretical model for the EO effect in coordination with the structural analog

concepts pursued in this program. The prime motivation of the theoretical

effort was to obtain an expression that could be used to calculate and predict

the EO coefficient of new crystals. By applying the localized bond charge

model of Phillips and Van Vechten,18 - 1 9 which attributes the dielectric

response of covalent crystals to the localized bond charge, Yariv and Shlh
7

have developed a method for calculating the EO tensor coefficients.

Comparisons with experimental values for binary compounds having zincblende and

wurtzite structures were excellent. Recently, the calculations have been

extended to ternary compounds (Table 4) with equally good results.

Table 4. Results for LiNbO3 and LiTaO3

LiNbO 3  1. i Ta-O

E" 28 43

Cdcl,2 4341

C /C 1.8 2.0
C

Nb-O (Short) Nb-O (Long) Ta-0 (Short) Ta-O (Iong)

2r 1.889 A 2.112 1.891 2.071

0

f 0.821 0.830 0.847 0.813

-f 0.292 0.241 0.282 0.218

r3 3  r 5 r33 r 5

r ionic +19.9 +19.7 +27.8 +16.5

r elec + 6.0 + 0.8 + 3.70 + 0.24

theo +25.9 +20.5 +31.5 +16.7

~sum
r expt 1  +28 +23 +30 +15

exptl 63 70

* .' * .- 7 *2'*s o *9 ~ :
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SECTION 5

PHOTO-ELASTIC flODIEL

To model the acousto-optic effect or photoelastic effect, we shalt start

with an index ellipsoid method of calculating the effective index of refract-ion

as a function of direction of propagation. The index ellipsoid can be wri:t, on

as

E1 ) ([9)(n,

In the principal coordinates system, the cross terms vanish, leaving,

1 + 2+ 2 (2)

'-'. \xx t yy# I zz)

To model the photoelastic effect, one considers first order (linear) changes in

the (1/njj) 2 components in terms of strains or stresses in the solid.

Therefore, we write

"

'S ki (21)

'.'.'."A( h n ] Pijkk, Skk

where Ski is the strain component, and PijkX is its photoelastic

constant. In analogy, in the Pockels effect (linear electro-optic effect), we

write,

,\2
[4 - A.) =r ijk Ek' (22)

where the polarization in Its ith direction is,

. I rjk Ej L, (0 )  (23)
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Ili the elasto-optic case, we may write the ith component of the polarization

(W) (0Pt C 2 ijkX Ej k2. (24)

Ili order to examine the source of this polarization, we consider thle individuaL

bonds. F'or bonds i and P(i) = XMiEMw,

i =bond direction X,(0 the bond susceptibility, and

al. are the direction cosines of the ith direction bond.

Thus,

* = 1.a''~w (25)
S S 5

UM(i = M~i aMiE(W) . (26)

14* oW e C;In Cxpress Pi in terms of a sum over the individual bonds, where

N niumber Of Unit cels per volume = l/Q and S2 = volume of the unit cell:

>L= 4 1 a c(t) x M) E (W) (27)

S Ap

* 66



S.7% . . ...7. ° . . . . . .

.* .i~

and

ap. ~ I

N at j S (2,

a *Skj as .

+ () r + -- s S W
L5 s i /0

as S

+ aSk .  i s X E

*% where

I aN -2 aV (30)

-- ,N - -- V(0: $,;V ask  ask

-6 Nfow

AV

because shear waves do not change the volume; therefore,

aN I . 1-

as 0 - 2 aV

V2 k V2 V k (32)

aN -ak(3
askk V (33)

N..
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, *From Equatlons (20) and (21) we obtain

+ X. 
+ i) aa s

a C 3s kRaski k

a . ekZ- I a (i) (i) MiE () (34)

VV (34)

but

AP C 0s Jt Es (35)

Therefore, we can identify the elasto-optic coefficient as:

Ne ° M M a~) i M a a ( i i

P Sk -- A _ j as +) X a S; s as + a
-' kitss sk9. ___ __ __ __ _

A BS .

a
+ --" kX a (i)aCi) XM (36)

C

Terms A and C in the above expression correspond to an elasto-optic effect

. that is linear in the strain. This is the normal elasto-optic effect.

However, the B term in the above expression, which gives rise to a quadratic

elasto-optic effect, corresponds to rotation of bonds which could be a large

effect. However, this has not yet been observed.
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SECTION 6

OPTICAL EVALUATION OF CRYSTALS

A. MEASURING STRESS OR STRAIN INDUCED ANISOTROPY IN SINGLE-CRYSTAL
MATERIALS

The technique usually used for measuring the optical anisotropy or

bierefringence induced in a single crystal by applying stress to the crystal is

* dual-beam interferometry. In this technique the optical beam is split into two

beams. which are passed through two samples of the same material. When stress is

applied to one sample the optical index changes, causing the phase of the beam in

that arm to change and the interfering beams produce a shift in the fringe

pattern. If a careful measurement is made of the fringe shift, then this

quantity can be used to evaluate the stress-optic of the elasto-optic constants

of the material. For example, the stress-optic the elasto-optic effects are

given approximately by the following expressions:

AN = 1/2(No ) q , (37)
" and3

and AN = 1/2(No) Pj j , (38)

where No is the ordinary refractive index of the medium, qij and

Pij are the stress optic and elasto-optic constants of the medium, and

0 and C are the applied stress and the resultant strain. These equations can be

evaluated to estimate the change in index due to an applied force. For example,

if the refractive index of the medium is 2.5 and the stress optic constant is

0- 1 cm2/dyne, then a force of I lb (4.5 x 105 dynes) applied across a 1 mm

square cross section sample will produce a change in index of

.-.:. 3-1 7-
AN = 1/2 (2.5) 3(2 x lO- I ) x 4.5 x 107 = 7 x 10- 3  (39)

This corresponds to a change in phase of

A. 97 AN 0. 2 -x 10 x 7 x 10-  = 69.6 radians = 39850 (40)lq '40 .632 x 10 - 6 '
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or to a shift of 11 fringes. If the same force were applied across a 10 mm

square cross section, we would get a phase shift of 0.7 radians and a corres-

ponding shift of 0.11 fringes. If the sample is thicker than 1 mm then these

fringe shifts are correspondingly larger. If the samples are not mechanically

strong, th -e. the applied force must be restricted to lower values and the

thickness of the samples must be increased.

If the crystals have a relatively high refractive index, then the possi-

*bility of multiple propagation or multiple reflection effects can occur.

-.% These effects can significantly alter the phase of the transmitted waves and

they can lead to errors in the determination of the stress optic and elasto-

optic constants. For this reason we have analyzed the phase changes intro-

duced into a polarized beam propagating in an anisotropic medium in a later

= section.

The method for the measurement of the photoelastic constants of materials

used by the National Bureau of Standards is given below. In this system (see

Figure 31) an unpolarized light beam passes through a Wollaston prism which

separates the two polarization components. The vertically polarized compo-

nent is not deflected by the prism and it passes down the axis of the system
through a X/4 wave plate to amnrror which retro-reflects the beam. This

beam passes through the X/4 wave plate a second time and exits as a hori-

zontally polarized wave, which passes back through the Wollaston prism and is

then deflected as an output beam. The horizontally polarized component of the

input beam is deflected by the Wollaston prism and it is recollimated by a

lens and passed through the sample, the X/4 wave plate, reflected from the

mirror and back through the optical system including the wave plate, the two

-. lenses, and the Wollaston prism. The double passage through the wave plate

rotates the polarization so that the sample beam exits the Wollaston prism

undeflected and collinear with the reference beam. These two beams now

interfere to produce a set of interference fringes which shift as stress is

applied to the sample. If the orientation of the Wollaston prism is rotated

* . by 900, the elasto-optic effect for the orthogonal polarization is observed.

Using this set of fringe shifts and the applied stress values, the elasto-

optic constants of the materials can be measured using the theoretical expres-

sions derived below.
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Figure 31. Interferometer for measuring stress induced change in optical
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STRESS 11093-5

SAMPLE

AT = T S12 AP

-.- M O

..EJ
T T

- AT

The optical phase difference before applying stress is given by

27, 271 27r
- = 0TN -- T = -- T(N ° -1) . (41)

The optical phase difference after applying stress is given by

2 = (T + AT)(N + AN ) - (T + AT) . (42)

The net phase change A = A 2 - A 1 corresponds to a fringe shift, AN = A/2n:

A=, - [r--T)o(N +AN - T+AT) - T(N-l)] [TAN +ATN -AT]. (43)
0 0 0 x 0 0

Using the relatAionshis, AN, = Ap and N1 40/2 q12 Ap, and solving

for ,ILL and (112, we find

2 AN1
q1 2 3 AI + (No 0 1(44)

: o

anad

2 X AN2
+ (N° -l)S12 (45)q12 - 3  T Ap 0 1

N
0

where ANj is the fringe shift, Ap is the applied pressure, and S12 is an elastic

constant. valiation of the stress optic constant in this experiment also

requires an evalation of the elastic constants of the material. If we
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n recast these equations in terms of the strain optic coefficients, we can

.. simplify the procedure to

- %

.4,-A = TANo + ATN - ATI - [N O  + ( NO  - 1) . (4)

Using the strain optic relation,

N3  N3  AT
AN =- P E and AN -a P C L (47)

10 2 11 1 20 2 12 2 1 T

this becomes

AN 2 S! P laf + (No - I)E3 (49)

and

[(N
.N 2 PI1 l + (N - i)c (49)

Solving for P and P we obtain the evaluation expression for the elasto-

optic constants,

.- 2:2
P =  I AN' (N - 1, (50)11 3 , o 0 C

and

(NA P 22 1-) '2J (51)

%The quantity £3 = AT3 /T3 is the strain induced in the medium in the direction

of propagation of the light, and £ 1 = AT I/T is the strain induced in the
1 1

medium in the direction of the applied stress. In this case,strain gauges

must be applied to the sample to measure both strain parameters. This is

experimentally cumbersome.

-4"
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In comparing relative photoelastic measurements, if two polarized ortho-

gonal beams are sent through the sample and stress is applied parallel to one

polarization, then the relative phase change between the two waves have the

form

T 2n(ANI _ N.. (P - P) cl + (No - ) 3 -(No - )2 l~c3 (52)

The fringe shift is given by

AN=~TAN = A = T. o P P) l(3
2TT X 2 11 -1P2)  l'(3

and the differences between the elasto-optic constants is equal to

P -P = (54)11 12 (N3 1

where AN is the fringe shift for materials under uniaxial compression. For

materials such as fused quartz P1 1-P1 2 = (0.197-0.088) - 0.1 and N = 1.46
0 5

at A = 6328 ;. For a 1-cm optical path and a strain of 10-

AN1-2 m(1.46) 3

AN= 10 2 x x (0.1) x 10- 5

0.6328 x 10
- 6 m 2

= 0.025 fringes = 8 deg (55)

The measurement of 2/100 of a fringe is very difficult unless you use a

technique such as ellipsometry or a Babinet Soliel compensator to convert an

optical-phase change into an optical path change. When measuring infrared

transmissive materials, the refractive indices are usually at least a factor

of two larger than that of quartz, and the fringe shifts will be of the order

of five times larger at the same wavelength. At longer wavelengths the shifts

will be smaller.

These techniques can be directly applied to polycrystalline materials if

they do not disturb the polarization state of the light propagating through

~74L p
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the crystal. This can be checked using a crossed polarizer and analyzer to

S.. observe the field. If the sample appears variegated or matted, then the

beam has been depolarized and a simple interpretation of the effect is not

feasible. If the polarization state is disturbed, then part of the elasto-

optic effect will be to scatter light back into the original polarization that

was scattered out by the randomly oriented crystallites; the other part of

the effect will be to modulate the phase of these polarizations. The resultant

effects will probably not be simple to interpret, but it is worthwhile to

experimentally evaluate the effects of stress applied to a polycrystalline

anisotropic rectangle through which polarized light is passing. If large

elasto-optic effects are observed then obviously phase cancellation is not

important and this approach will be useful for evaluating materials. If it

does not work, then we will have to grow single crystals of these materials

S-' or we will have to develop techniques for measuring small regions of thinly

sliced samples.

B. ANISOTROPIC TRANSMISSION ELLIPSOMETRY

The measurement of anisotropy in crystals can be done by reflection or

transmission. If the anisotropy is large then conventional ellipsometry can

be used to measure the relative amplitude reflection ratio of the parallel

and perpendicular polarization components. If the anisotropy is small, a

transmission technique is more pertinent because the long optical path will

produce large changes in the relative phase shift of the parallel and perpen-

dicular components. For reasons of analytic simplicity, the transmission

' experiments are usually conducted at normal incidence. In this case,the

waves can undergo multiple reflection between the faces of the sample and the

sample acts as a Fabry-Perot filter. The Fabry-Perot effect enhances the

relative phase shift due to anisotropy so that the measured phase shift of the

two polarization components is larger or smaller than that expected from a

single pass. Starting from Born and Wolf1 5, p. 323, the expressions for the

complex transmission coefficient of a dielectric plate have been recast into

the ellipsometer equations for transmission through an anisotropic dielectric

:.4. 75
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plate (see Appendix) These equat iotls stilw that iLhe measiurvd opt iva! phase

shift cannot be used directly for evaluating the anisotropy. Instead, iter-

ative computer calculations will have to be performed to fit the experimental

data. The process is similar to ordinary ellipsometrywith the exception that

the complex transmission coefficients are different than the reflection

coefficients.

In practice, a sample is placed in the beam of a transmission ellipsometer

and adjusted until the optic axis lies either in the horizontal or the vertical

plane. The instrument is then adjusted for a null in transmission and the

parameters A and qj are determined from the instrument readings. These param-

eters are fed into the computer and an iterative search is performed over a

selected range of Nil , N1 and T to obtain best fits to A and then the chosen

values N' N' T' and A are used to evaluate (P. There may be numerous values

of these parameters which provide the same values of A and 0.

Computer simulation calculations with these equations are required to

study the "dispersion" of the equations for different refractive index and

index anisotropy ranges as well as for various thickness ranges. These

calculations will also be done for various wavelengths to determine if optimum

thicI~ness or wavelength regimes exist for performing these measurements.

Ideally, one of these sets of calculations will show the same thickness values

and index values for each wavelength. In this way the multiple wavelength

data can be used to screen out incorrect results. It is even possible to

write a program which will evaluate the results of multiple wavelength measure-

ments simultaneously.

C. DOUBLE REFRACTION AND THE STRESS OPTIC EFFECT

The indicatrix of an anisotropic crystal is given by

x2 2 2
1 2 3 2 2 2-+ - + _ = 1  or B X + B X + B X (56)

N12 N22 N32 1 2

16
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where

, 1 _ 1 _ 11
*:, B1  K = N2;B 2 = 2 ;B 3  2 (57)

1 N N

The matrix equation for terms ABI = Ilj. when written out for class 4 is

x y
AB1  = B ' - B1  = 11 I2 7 1 3  0 0 -16 U I 11 y 1 71 14iir 1 10 " 1 •11 V~l I v12o2I1

AB 2 2 12 11 13 16 121 112

AB3  B'- B T3 1  T3 2  t 3 3 0 0 0 0 1T 3 IT 3 (58)
33 3 31 3 313 1 13 2

AB4  B4  0 0 0 T44 t54 0 0 0 0

AB 5  B5  0 0 0 T 54 if44 0 0 0 0

AB 6  B6  IT 61 7161 0 0 0 0 0 IT6 1 a -1t6 1

for uniaxial crystals N1= N2 = No

and N3 =Ne

The change in index for a stress along the 1 direction (x) is given by

1 1 13 1 3

A N3 (N1) AB3 = - 0 (N() 5191)2 2 2 2 2 12 1

3" 3
3 2.3..-.3 131
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The change in index for a stress along the 2 direction (y) is given by

1 3 1 3

AN1 = - -1 (N AB1 = _ (N 1  202
1 3 1 3

AN2 = _ - (N2 ) AB2 = _ . (N2) 37 1T 2  (60)

1 3 1 3
AN3 = - (N3) AB3 = - (N3) 1302

The change in index for a stress along the 3 direction is given by

1 31 3

AN1 2 (N)3 AB1 = - -2 (N1) 131 3

1 1 31 3

AN = -- ( 3AB = -- N 37 (61)
2 2 (N2) AB2 2 (N2) 73 2 3

1 (N 3 1 3(N 3
AN3 = - 2- = - 2 3  3303

Using the coordinate system,l - x, 2 = y, 3 = z and a a 1 02 = 03 = 0, and

N = N2 = NO and N3 = N, we obtain

1 2 o 3 T

N =N + AN1 = 1 o3 1 3
1 1 N1  1  1 1  ( 2 0 11 (62a)

N2 =N 2
0 + AN2  N2 ° - (N2 0 3 IT1 2 01  N - (No)3 120. (62b)

2 2 2 2 2 12 2 0 12 1.

Using the coordinate system,3 x, 1 = y, 2 = z = a o3 0 = (2 = 0, we obtain

N= 0  1 o3 1 3

N N 0 - 1 (N°) 3 1 3 = N - (No)3 731o3 (63a)

1 1 2 1 313 0 21 31NiN 1 3 (N)3 1 11Ne'

N N3 o (N3 ) 3  = N - ( e 33 3 (63b)3N 3  e 2 e 33.

Thus with two sample orientations, it is possible to measure four stress optical

* constants. In the next section we apply these results to the measurement of

the elasto-optic constants.
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D. FABRY-PEROT EFFECTS IN ELASTO-OPTIC MEASUREMENTS

When a high index slab of material is used in an elasto-optic stress mea-

suring machine the effects of multiple beam interference must he taken into

consideration. In this case the vertical axis becomes the parallel axis and

the horizontal axis becomes the perpendicular axis. It can be shown that the

complex transmission coefficients for the parallel and perpendicular polari-

zations after passing through the slab are given by

4 N11  1
t ( = 2 ( 2 (64a)

1 exp i -_N T
N + 0

and

2N 1

t +)2 " •-(64b)

1 i + 1) exp i --- N T)

If the force is applied parallel to the parallel axis (vertical), then the total

index is

a.1 3 1 3
o - 2 (No) 7rllOand N = NO - (N) r12  (65a)

for propagation along the N axis,with stress along the N axise o

and

: mm, i No3 I 3
=N 0  *2(N 0 r 31o3, and N, = N - (Ne) I33 G 3  (65b)

for propagation along the N axis,with stress along the N axis.o e
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Using Equations 65(a) and 65(b) in Equations (64a) and (64b) we obtain for
propagation along the N axis,with stress applied along the N axis,

'/.e o

4(N- 7 a )

t 1 3 2 2
( - ( 0 1 1 -1 4" -!(N) 3 a

10 1 2 0 111 1N~() -
al.T1 1 1(o )  |ex1 3

.-
(N)(No) 

0 1 (N 10)

4(N-!(N
0 2 1 '2~l~1(N 1N 37 G 2 2 (66b)(N- N0) 12al) ( 0 - -(N ) 41 2 I I 1 3(No 3 )T

-3 XtN o(l 2~ 21211
2 ,e(N)o (No-

0\ 2 0 12 1

'."

and for propagation along the N axis with stress applied along the N axis
o e

4(N°- (No) I 3
o 2 0 313~-I 1 (67a)1 N- N - -(No) 3T a3) 3

--,0 20 3 3 N - 3 1 - I
'o 2(oe 31  3  i -e)(N- 13(N )33 531 - - -- .[ exp-i 1(o e) 3 13 ), N o 0 31 31- 0I

4(N- )(N )3 7T G333)1

ti 2 2 2 3 (67b)
1N-I( 3 71 0( !N/f

Ne~ 2 e~ 7 3 3 3 )e 2 ~ e 3 3 3 expi AIT(N -( _

\e~ 2(Ne) 3 3 3 +1/ 3

-. 4Taking the ratios tll/t1 for Equations (66) and (67) respectively we can

obtain expressions of the form

80
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S/ tan e (68)

where the ten factors tan * and eiA can be separated. These two variables

A and V can be measured in an ellipsometer and an iterative calculation of

Equation (68) can be made to obtain the best fit to the A, data. This

calculation can be done for both stressed and unstressed samples to deduce the

elasto-optic constants. The calculation of the sensitivity of this method is

quite complicated and is best done using a computer.

An advantage to this method is that it can be applied to a very small region

of the sample using microspot optics.

E. OPTICAL MEASUREMENTS

During the last quarter of this program a first attempt was made to make an

ellipsometric measurement of the elasto-optic constant of materials using the

. anisotropic transmission ellipsometric technique. In this experiment, the sample

V V .must be held in such a way as to provide alignment in x,y,z coordinates as well

as precise rotation about three orthogonal axes. To accomplish this, an x,y,z

translation stage was assembled and coupled to a Rudolph research ellipsometer.

The rotations were provided by a set of commercial mounts. The stress was

applied mechanically by means of a precision screw (micrometer movement).

"*- Our intention was to measure the stress optic coefficient by a relative

method, i.e., the same stress is applied to the new material to be measured at

the same time as it is applied to a known sample, e.g., fused quartz. We found

this method to be unusable in the laboratory because the experiment is extremely

4. critical with regard to alignment. In particular, shifts of approximately i0- 3

radians in angular position cannot be tolerated experimentally.

We are currently redesigning the sample mounts to include stronger stages as

well as a provision to directly measure the stress by means of a load cell. In

addition, we plan to exert the pressure pneumatically rather than by a mechanical

screw so that unnecessary torques can be avoided.
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SECTION 7

CONCLUS IONS AND RECOMEINDATIONS

A real need exists for improved iaaterials for many applications of interest0 .

to DoD including electro-optic and acousto-optic moduLators, switches, tunlabLe

* filters, as well as for new devices based on principles such as degenerate

four-wave mixing. Utilization of four-wave mixing techniques in practical

devices could greatly increase optical system integration by expanding tile

possibilities of amplification, convolution, correlation, and pulse

compression. Electro-optic and acousto-optic devices are essentially materials

*limited; currently available materials are inefficient in terms of power

required and often absorb light in the spectral regions where operation is

desired. New materials are also needed for surface acoustic wave (SAW) devices

-V where the lack of materials with large coupling coefficients and inherent

temperature stability has limited the bandwidth of these devices and ,m1akes

them unsuitable for many microwave applications.

The primary objective of this program was to search for new improved

materials. We have succeeded in finding a new electro-optic infrared-

transmitting material, CdIn 2 Te 4 , with more than an order of ,,agaitude bicrease

in its longitudinal EO coefficient over known 111, materials. This material has

great potential in the development of far infrared modulators and tunable
spectral filters since it allows an engineering margin in the voltage

requirements of driver chips. In the Hughes longitudinal olectro-optLc tunable

filter (LEOTF), the voltage requirements are reduced by a factor of 20,

compared to the previously selected material AgGaS 2 . This is a result of the

higher refractive indices of CdIn 2Te4 and their effect on tie electro-optic

figure of merit, i.e., n3r4 l. This filter design now can be extended into the

far Infrared using state-of-the-art driver chips.

The discovery of a large electro-optic coefficient as we eriginalLy

predicted in this material gives credibility to our structural analog approach.

An important factor in this pursuit has been the ability to measure low-

• - frequency dielectric constants in polycrystalLine samples, thus saving time

required for single crystal development. The extension of this to acotisto-

optic and non-linear properties has not been as direct. Certainly, te large

EO coefficient indicates the possibility of a large non-linear coefficivit
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since It is related to the ionic contribution to the 1O coefficient. In

addition, a Look at inaterials properties shows the possibility ot finding

.terial with large AO figures of merit among the interesting materials

faLiin into this group. What is missing is a characterization techilque which

can be easily and meaningfully carried out on polycrystalline samples, which is

also a strong indicator of large values of those properties of interest.

Our investigation for such evaluation techniques has led to the
.- 4 ev:opmoient of a very !)romising technique for measurement of stress-optic

c) i- -icients;: Anisotropic Transmission Ellipsometry. We were not able to
complete the construction and testing of this apparatus during the course of

this prograii. We plan to evaluate this technique in the near future using

sm.ill single crystal samples and will make the results known to the Air Force.

We recommend that the work which commenced during the course of this

investigation be further pursued by the Air Force and other agencies of the

C.overii:Tent. This work has opened the door on new ideas and approaches to the

di:;covery and development of new materials for the applications mentioned

ahove. WJe enter that door with a greater degree of confidence, having valid

proof of our approach. There is still a lot of materials work to be pursued as

well. As becomes obvious in this study, problems remain in the synthesis ot

some of the new compounds which must be resolved prior to approaching growth of

sinoge crystals. The Laboratory work must be accompanied by theoretical work,

as demonstrated by this program, in order to understand tie selection and

prediction of new materials and their pertinent optical properties. In

'*" *'* addition, aLl the accrued knowledge must be used to develop efficient

" *;i. diignostic procedures for evaluating and/or predicting those properties in

materials which are of prime concern for these applications.
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APPENDIX

DERIVATION OF THE ANISOTROPIC OPTICAL PHASE SHIFT A AND THE TRANSMISSION
RATIO TANp FOR MULTIPLE BEAM INTERFERENCE IN A PLATE

The complex transmission factor for a wave normally incident on a plate

with parallel faces is given by

T-*-'-"t = r(i)
1 - Re1 6

where T = 4n/(n + 1) is the power transmission coefficient at the first sur-

face and R = (n - 1)/(n + 1) is the power reflection coefficient at the first

surface and 6 - 4 o/X nT is the double transit optical phase shift for the
0

wave and n,t and A0 are the refractive index, the sample thickness, and theo0

wavelength, respectively.

From this expression the ratio of the complex transmission factors for

an anisotropic medium is written as

tll/t I Ir - RL ei 6

= -- (2)
T 1 1 - Rllei 611

where

4 nll fnl 1-l\
2  4 n

112' R1  ln l ' T1 - 2

and

*represent the tensor refractive index values for a system in which the optic

* axis of the sample is aligned either parallel or perpendicular to one of thea/..

incident optical polarization. This is a principal coordinate geometry system
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and relatively easy to analyze. Other orientations are much more difficult.

The ratio t 1 /tj can be represented by an amplitude and a phase factor with

the form

i T 1 R ICs61 - i RSin S
Tan4P e .. 1.Co (3)

t1  -Tt 1 Cos61 - i R1 Sin6

With the substitution A = r11/(T TanW) this can be expanded to

(CosA + i SinA)(l - RItsC561 - i RiSin611) = (A - ARjCos6j - i AR 1Sin6.) (4)

Cross-multiplying and collecting terms, the real and the imaginary terms yield

2 equations:

CosA - CosAR1 Cos6 11 + SinAR1 Sin)1  - A(l - RiCos62 (5a)

and

CosARlSin6i, - SinA + SinARiiCos6, - -ARSin61 - (Sb)

Dividing Equations (5b) into (5a) eliminates the A term which contains Tani

CosA - CosAR 1 Cos611 + SinAR11Sin6I 1 - RICos61

CosARiNSin6I - SinA + SinAR 1 Cos6 11  - R1Sin61

Again cross multiplying and collecting terms for CosA and SinA we obtain

R.LRISin(6. - 6 11) - R.Sind1 - R 1Sin6,
COSA RjRCos(6.1 - 6 - R LCos6L - Ri1Cos~51 + 1 (7)

for an isotropic medium 61 - S11 and TanA E.

Using Equation (5b) we derive an expression for TanP

T U RSin 651

STamp T 11RSi_ (8)
Ti CosARIISin611 - SinA + SinARI1 Cos6 11
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or

__nt R S in6 (a
Ta TIn Sn( + 611) Sini(a

for an isotropic medium R~ R11, T11 T 6.~ 611 A 0 arnd Tan'iE 1.

Thus the transmission ratio is 1 as expected.

These expressions can be written in terms of the refractive index nj and

nil1 and the sample thickness T as shown

22

2 IN n 1 -l 4i

\fll+ Cos (Tnij n,, -( )Cos A2nT- s' Cos y_ n11T + I

and

F~::2] (j~) 2 Sin n T -S

Tanip =2(9b)

N 1 /n1-1\

For n a if we let nor n n n n

Sin Sin an -n T [i ( n T]
nin 00 -(0)

TanA % , 21F
Tns Iioi(n-sn)p+d

Cos -Tan be Cos n T]+ o T r inde nI

% .. ..

|:-.<n, '': '  /nt4
,. + -- ,.,,+.,] +89



Using trigonometric identities, we get a simplified version of this eq,:aimn

suitable for evaluating small anisotropic samples:

Ta-- (-+I" in / - ( Cos( Ttn)• Sin(L TAn (n+zl  A o(l
' -TanA /A .. ...) \ 0

~~~~~4~~~ Mcs TCo~~2 o(.-T;Gs LT TA'

For example, for An 10-3 X 10-6 n T -5 x 10-3 m we get a very large phase

shift, , 2/Xoj T An 6.28/10-6 x 5 x 1-a 30. This means that an

anisotropy An = 0.001 produces a 30 rad phase shift in a sample 5 nun thick. In a

l-m-thick sample, it would produce a phase shift of -6 rad 0 - 3606). Because

there is no simple way of approximating these equations, even in the presence of

small anisotropy (0.0001 anisotropy produces 0.628 rad or 36" in a I mnm sample),

we will have to evaluate the anisotropy in each sample before we can evaluate the

change in anisotropy caused by stress using this method. This could be done

using Equation (9b) and the experimentally measured value of and A. It is

assumed that the thickness of the sample can be measured with great precision.

K: A thickness error of AT produces a phase shift of 4w/X, n aT. For n = 2.54 and

AT - 10- 6 m this becomes 30 rad. Thus an error of I Pm in measuring the sample

thickness can give rise to a 30 rad error in tha calculation of the phase angle a.

A precision of 100 A produces a phase error of 0.3 rad or 18' and a precision or

I A produces a phase error of 0.003 rad or 0.18'. (The precision of an ellipso-

meter is ±O.1".)

Because of the complexity of Equations (9a) and (9b) it is possible that
" only one set of values nril n± and T will allow a theoretical calculation of

A,ip which matches the experimental A,j values. However, the chances of

solving the equations improves dramatically as one fixes either of the

indices n, or ni, or the thickness with greater precision.
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If the wavelength of the apparatus is changed,then another set of

.-9- equations is obtained and again numerous theoretical fittings to the data are
possible. By comparing these results in tabular form.only one set of nini1 and

T will agree if the medium is nondispersive. If it is dispersive only one

set of thicknesses will agree for all wavelengths. Thus this method can be

used to evaluate the natural anisotropy in elasto-optic materials and then

the stress- or strain-induced anisotropy as an increment in the natural

anisotropy. This is not a simple method theoretically, but it should be

% capable of extremely high precision because of its ultrahigh sensitivity to

phase angle shifts. In comparison the standard interferometric methods

require a high stability optical system and are good only to a tenth of a

fringe or 3*.
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